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Abstract: The ultimate aim of sustainability in buildings gained an additional new dimension as the 
start of the year 2020 saw a rapid worldwide spread of the infectious disease caused by a 
coronavirus named COVID-19. There is evidence that, in addition to person to person contact, the 
disease transmission occurs through airborne droplets/aerosols generated by breathing, speaking, 
coughing or sneezing. For that reason, building heating, ventilating and air conditioning systems 
can play an important role, as they may both contribute as well as reduce the transmission risk. 
However, there is insufficient understanding of the movement of infectious aerosols in buildings. 
This article introduces a method of bottom-up emergent modelling of the movement of infectious 
aerosols in internal space using a physics engine, and reports on simple simulation experiments. 
The results show that the smallest droplets that are large enough to contain the virus can be 
suspended in the air for an extended period of time; that turbulent air flow can contribute to the 
infectious aerosols remaining in the room; and that unidirectional air flow can contribute to purging 
the room of the infectious aerosols. The model introduced in this article is a starting point for further 
development and for increasing our understanding of the movement of infectious aerosols in 
buildings, and thus for increased sustainability of building design. 




The ultimate aim of buildings is to sustain human wellbeing in terms of thermal comfort, air 
quality and the environmental consequences of using energy to condition internal space. Recently, 
however, a new dimension of sustainability in buildings became apparent—to sustain human health 
under the threat of airborne transmission of infectious disease. 
The first half of the year 2020 saw a rapid worldwide spread of the infectious disease caused by 
a coronavirus named COVID-19 (Figure 1), so that the World Health Organization declared this as a 
pandemic. By the end of April 2020, over 2.7 million people were infected and over 188,000 died, and 
the infections rose to 6.9 million and deaths to almost 400,000 by the beginning of June 2020 [1]. There 
is evidence that, in addition to person to person contact, the disease transmission occurs through 
airborne droplets/aerosols generated by breathing, speaking, coughing or sneezing. For that reason, 
building heating, ventilating and air conditioning systems can play an important role, as they may 
both contribute to as well as reduce the transmission risk. Despite the current research, there is still 
insufficient understanding of the characteristics and the movement of infectious aerosols in 
buildings. In response to the pandemic, ASHRAE published a Position Document on Infectious 
Aerosols [2], explaining airborne dissemination and practical implications for building owners, 
operators and engineers. 
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Various studies investigated the sizes of air droplets and the risk of airborne transmission. 
Droplets exhaled by normal breathing are 80% within the range of 0.3–1 μm in diameter [3], whereas 
the diameter of COVID-19 virus is in the range of 0.12–0.16 μm [4]. This means that the virus can 
easily be contained in the exhaled droplets. Exhaled droplets can reach the size of 240 μm [5]. The 
expiratory airflow during sneezing is six–seven times higher than that during normal breathing [6], 
and droplets are ejected at velocities from 50 [7] to 100 m/s [8]. According to published sources, the 
droplets in the size range of 60–100 μm evaporate and fall on the ground as the droplets nuclei within 
the distance of 2 m [7]. The droplets generated by breathing are exhaled at 1 m/s and are carried to 
less than 1 m away; the droplets generated by coughing are carried more than 2 m away at velocities 
of up to 10 m/s; and droplets generated by sneezing are expelled at velocities up to 50 m/s and are 
carried more than 6 m away [7]. More recent evidence suggests that an aerosol cloud from a human 
sneeze can be carried up to 8 m [9]. The velocity and reach of droplets from these findings are 
summarised in Figure 2. There is evidence that there is prolonged suspension of droplets in the air 
above 60% relative humidity [5], and that particles of 0.5 μm or less can stay suspended for over 40 h 
in still air [10]. There is evidence that the droplet sizes generated by cough can reach up to 1000 μm 
in diameter [11]. 
  
(a) (b) 
Figure 1. The worldwide spread of COVID-19: (a) April 2020; (b) June 2020 (source [1]). 
 
Figure 2. The velocity and reach of aerosols generated by breathing, coughing and sneezing, based 
on [7,9]. 
The mechanism of airborne infection transmission is defined by the Wells–Riley equation [12,13]: 
C = S (1 − e−Iqpt/Q), (1) 
where 
C—number of new infections; 
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S—number of people susceptible to infection; 
I—number of infectors; 
q—number of doses of airborne infection; 
p—pulmonary ventilation per person; 
t—exposure time; and 
Q—volume of fresh or disinfected air. 
The exponent Iqpt/Q represents the degree of exposure to infection and the term in brackets 
represents the probability of a single infection. As it can be seen from Table 1, a low degree of 
exposure leads to a low probability of infection, whereas a high degree of exposure significantly 
increases the probability of infection. 
Table 1. Probability of individual infections as a function of degree of exposure to infection. 
Degree of Exposure to Infection Probability of a Single Infection 
0.10 0.10 
0.99 0.63 
From Equation (1), we can infer that: reducing the density of infectious people (I) decreases 
exposure to infection; reducing the number of doses of airborne infection (q) decreases exposure to 
infection; reducing the time spent in high-density areas (t) decreases exposure to infection; and 
increasing the volume of fresh or disinfected air (Q) decreases exposure to infection. 
We can also infer that in the context of buildings, ventilation appears to be one of the primary 
ways of reducing the transmission of airborne infection. 
However, computation fluid dynamics (CFD) simulations that could potentially increase our 
understanding of airborne disease transmission are still predominantly based on Navier–Stokes 
equations, developed some 150 years ago, for which there is no complete solution. These equations 
remain to be one of the open mathematical problems [14], as the top-down approach to the problem 
definition requires simplifications to be made to the system of differential equations in order to make 
them solvable [15]. Although used widely, this approach is fundamentally flawed: instead of bringing 
the solution method closer to the problem, it brings the problem closer to the solution method. In a 
similar way as when we plan to fly to Mars, we cannot bring Mars closer to Earth in order to make 
the problem easier to solve, we need to apply the same approach to the application of Navier–Stokes 
equations. 
An example of a CFD simulation of air flow in a room using IES Virtual Environment [16] took 
25 min to complete and only to achieve a static pattern (Figure 3). 
 
Figure 3. Computation fluid dynamics (CFD) result from IES Virtual Environment (VE) 
simulation—(source [15]). 
This conventional approach is therefore not going to be of much use as an experimental tool, 
and it is not going to help much with increasing our understanding of the dynamics of infectious 
aerosols in buildings. 
A number of simulation scenarios have emerged in response to the pandemic. Thus, COVID-19 
Simulation Solutions [17] presents different simulation scenarios for social distancing (Figure 4), 
exercising, mask wearing, negative pressure rooms, room contamination and others. 
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Figure 4. Simulation of droplets spread from cough jet within the social distancing rule (source [17]—
credit: Courtesy of ANSYS). 
A consortium formed between Aalto University, Finnish Meteorological Institute, VTT 
Technical Research Centre of Finland and University of Helsinki mobilised 30 researchers and used 
a super computer to investigate infectious droplet dispersion in buildings [18]. Their simulation of a 
person coughing in an indoor environment configured as a grocery store is illustrated in Figure 5. 
 
Figure 5. A super computer model of the spread of coronavirus through air resulting from a person 
coughing in a space configured as a grocery store (source: credited to a consortium of Finnish research 
organisations [18], and reproduced with a written permission and in compliance with the CC BY 
license). 
They modelled the spread of droplets of sizes up to 15–20 μm, and seemingly using particles of 
equal size. Their main findings are that the very small particles do not sink on the floor, but remain 
suspended in the air and move in the air currents. 
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Therefore, as it can be seen from the previous research, the characterisation of droplets generated 
by exhalation, coughing and sneezing appears to be well established, and so are the mechanisms of 
airborne infection transmission. However, the work on simulations of the dynamics of the movement 
of infectious aerosols in buildings is only emerging (Figures 4 and 5), as the existing CFD methods 
(Figure 3) cannot be used for dynamic simulations. There is clearly a need for research that can 
provide a quick simulation capability suitable for experimentation, without an overhead of specialist 
software [17] or of large teams of researchers having access to a super-computer [18]. 
Hence, this article introduces a method of bottom-up emergent modelling of the movement of 
infectious aerosols in internal space using the Unity physics engine [19], in order to provide an 
experimental simulation research tool for the investigation of the dynamics of infectious aerosols in 
buildings. Through a self-organised simulation of particle dynamics that responds to user inputs in 
the real time, this research gives insights into emergence-based aerosol dynamics that have not been 
explicitly programmed. The overall aim of this research is to inform sustainable design interventions 
that reduce the infection transmission risk in buildings. 
2. Materials and Methods 
The method is based on Newtonian physics, applying the sum of forces on each droplet as 
shown in Figure 6, and letting the droplets movement self-organise in a room environment. All 
calculations are based on 3D vector calculus, where the quantities are calculated independently in 
the x, y, and z directions. 
The total force acting on each droplet is defined as 
F = A − D + B − G (2) 
where 
A—air flow force; 
B—buoyancy force; 
D—drag force; and 
G—gravitational force. 
The air flow force is defined as 
A = 1/2 ρ v2 π r2 (3) 
where 
ρ—air density; 
v—air velocity; and 
r—droplet radius. 
The drag force is defined as the air flow force multiplied by the drag coefficient: 
D = A Cd (4) 
where the drag coefficient Cd is set to 0.47 for the sphere-shaped droplets. 
 
Figure 6. Diagram of forces acting on an airborne droplet. 
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The buoyancy force is defined on the basis of Archimedes’ principle as 
B = 4 ρ π r3 g/3 (5) 
which represents the weight of air displaced by the droplet and where 
ρ—air density; 
r—droplet radius; and 
g—gravitational acceleration. 
The gravitational force is defined as follows: 
G = 4 ρw π r3 g/3 (6) 
where 
ρw—water density at human body temperature and all other symbols have already been defined. 
The heat balance of each droplet is then calculated as Q =  Q + Q + Q + Q + Q + Q + Q + Q  (7) 
where 
Q—droplet heat balance in the current time step; 
Qold—droplet heat balance in the previous time step; 
Qa—heat transferred between the droplet and room air; 
Qr—heat transferred between the droplet and the right wall of the room; 
Ql—heat transferred between the droplet and the left wall of the room; 
Qf—heat transferred between the droplet and the front wall of the room; 
Qb—heat transferred between the droplet and the back wall of the room; 
Qu—heat transferred between the droplet and the ceiling; and 
Qd—heat transferred between the droplet and the floor. 
All of the above components of heat balance are modelled as convective heat transfers: Q  =  h (T − T ) (8) 
where 
Qx—heat transferred from source x, where x represents a, r, l, f, b, u, d in the notation from the 
previous equation; and 
Told—droplet temperature in the previous time step. 
Droplet temperature T is subsequently calculated as T =  T + Qρ  V c (9) 
where 
ρw—droplet density; 
V—droplet volume = 4 π r3/3; and 
c—specific heat of water at human body temperature. 
Density and specific heat for each particle are calculated in each time step as temperature-
dependent, using standard formulae for moist air at relative humidity as set in the room. 
The evaporation of droplets is calculated using the heat required to cause evaporation as q =  h  g  (10) 
where 
q—heat required to cover evaporation; 
hwe—heat of evaporation of water, set to 2413.1 kJ/kg; and 
gs—amount of evaporated water in kg/s. 
From here, the droplet radius as a result of the reduction in the droplet mass due to evaporation 
is calculated as 
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r =  3(g − g )4πρ  (11) 
where 
g—droplet mass in the previous time step; and 
ρw—droplet density. 
In addition to the simulation of droplet movement determined by the above equations, a 
simulation of virus neutralisation in the droplets is carried out using the effect of ultraviolet radiation 
in the UV-C range of 100–280 nm. The surviving fraction of the virus population is defined by 
ASHRAE [20] as S = e ∆  (12) 
where 
k—deactivation rate constant, set to k = 0.00377 cm2/(μWs) for coronavirus [21]; 
I—effective irradiance received by microorganism in μW/cm2; and 
∆t—exposure time in seconds. 
The effective irradiance received by a microorganism is based on the ultraviolet fluence of the 
radiation source modulated by the inverse square law, using the formulation of a constant quantity: I d = Id   ⇒   I =  I dd  (13) 
where 
Is—ultraviolet intensity of the radiation source, set to 6600 μW/cm2 in order to achieve 10 
μW/cm2 at the distance of 5 m, as per operational parameters for UV systems [20]; 
ds—near distance to the radiation source, such as lamp radius; and 
d—particle distance from the radiation source. 
Thus, the particles closer to the radiation source will receive higher UV irradiance, and particles 
further from the radiation source will receive lower UV irradiance. 
2.1. The Room Simulation Environment 
The room which provides the simulation environment is shown in Figure 7. The critical room 
dimension is the height, and it is set to 6 m as per design guidelines for retail premises [22]. The room 
horizontal dimensions are set to 30 m × 30 m. A non-functional dummy is positioned at the near-right 
corner of the room. 
Droplets are ejected into the room through a cone, positioned at the height of 1.6 m and placed 
against the dummy’s mouth, as shown in Figure 7. The temperature of the droplets is set to human 
body temperature of 37 °C. The sizes of droplets are randomised, up to the maximum size of 1000 
μm as per the findings in [11], and scaled appropriately for a screen display. The ejection speed is 
limited to 50 m/s as per the findings in [7]. 
The room conditions are set to 50% relative humidity, air temperature and floor temperature are 
set to 21 °C and wall and ceiling temperatures are set to 18 °C. The room dashboard includes entries 
for air velocity in the x, y, and z directions and the number of droplets per keystroke to be launched 
into the simulation. 
The room is fitted with a wall-installed representation of an ultraviolet radiation panel that can 
be switched on or off by the user. When the ultraviolet panel is switched on, the airborne particles in 
the room are exposed to UV radiation, depending on their proximity to the panel, on the basis of 
Equation (12), and are removed from the room if their individual surviving fraction is calculated to 
be zero. The wall installation as in this simulation model is typical of UV systems, in order to create 
a horizontal rather than a vertical downward radiation field. This is to ensure that occupant safety is 
not compromised from the harmful effects of UV radiation, thus preventing the occupants to exceed 
the permissible exposure time specified in [20]. 
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Figure 7. Room environment for the airborne droplet simulation. 
2.2. Software and Hardware 
As already referred to in the Introduction, the above method is implemented in the Unity [19] 
physics engine, which provides an overall software framework. The specific equations from the 
Materials and Methods section are coded into a general droplet/particle component prototype, called 
“prefab” in Unity, using the C# (C-sharp) programming language. The prefabs are instantiated at the 
run time, ejecting 200 particles at a spacebar keystroke, thus increasing the number of particles 
gradually, and also providing a mechanism for the interaction of existing and newly ejected particles. 
The particle sizes can be easily changed by adjusting the scale of the maximum particle size in the 
simulation, thus enabling the simulation of particles generated by coughing, sneezing or normal 
breathing. 
The simulations were carried out on a MacBook Pro laptop, with a 3.1 GHz Quad-Core Intel 
Core i7 processor, 16 GB 2133 MHz RAM and with the Radeon Pro 560 4 GB Intel HD Graphics card. 
3. Simulation Experiments and Results 
Several simulation experiments were carried out, including self-organised stratification, the 
influence or random air circulation, the influence of uniform air circulation, the influence of 
evaporation and the influence of ultraviolet radiation. 
3.1. Self-Organised Stratification 
At the start of the simulation experiments, 200 particles were launched into the air through what 
is equivalent to a sneeze (Figure 8). Soon after the launch, the larger and smaller droplets were in 
seemingly random positions and heights in the space (Figure 9). Subsequently, there was a self-
organised size separation of the droplets: the smaller droplets started rising towards the ceiling, and 
the larger droplets started settling towards the floor (Figure 10). The droplets suspended in the air 
reached distances in excess of the 2 m safety range quoted in the literature [2]. 
 
Figure 8. Droplets are launched into the air through what is equivalent to a sneezing action. 
 
Figure 9. Initially the larger and smaller droplets are in seemingly random positions and random heights. 
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Figure 10. The larger droplets settle near the floor and a number of smaller droplets are suspended in 
the air or have reached the ceiling. 
3.2. The Influence or Random Air Circulation 
The sneezing action was repeated to investigate the influence of random air movement on the 
droplets. After the droplets settled, so that larger droplets descended towards the floor and smaller 
droplets remained suspended in the air and reached the ceiling (Figure 11), random air velocities 
were introduced in the x and z direction (Figure 12). Under that turbulent circulation, the droplets 
did not gather in one place, but lingered around the room, as shown in Figures 13 and 14. As in the 
previous example, the distances reached by the droplets were well in excess of the 2 m safety range. 
 
Figure 11. The droplets are ejected into the room to investigate the effect of random air velocities. 
 
Figure 12. Random air circulation is started, with random air velocities in the x and z direction. 
 
Figure 13. Droplets hover around the room under the random air velocities. 
 
Figure 14. The hovering of the droplets continues under the random air velocities in the x-z direction 
without gathering in one place. 
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3.3. The Influence of Uniform Air Circulation 
The next experiment was to investigate the effect of uniform air velocity on the movement of 
droplets. These were first ejected into the room through a simulated sneezing action as before (Figure 
15) and subsequently uniform air velocity was started in the x direction (Figure 16). Under this 
uniform velocity, the droplets were pushed towards the left side of the room and gathered at that 
end of the room (Figure 17). This is when air vents were opened to purge the droplets from the room 
under the uniform air velocity (Figure 18).  
 
Figure 15. The droplets are injected into the room to investigate the effect of uniform air velocity. 
 
Figure 16. Uniform air velocity is started in the x direction. 
 
Figure 17. The uniform air velocity pushes the droplets towards the left side of the room. 
Figure 18. Air vents are opened and the droplets are gradually expelled from the room under the 
uniform air velocity in the x direction. 
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3.4. The Influence of Evaporation 
The next experiment was set to investigate the effect of evaporative reduction of the droplet 
sizes. The droplets were first ejected by an initial sneeze simulation (Figure 19a). A second sneeze 
followed, showing that the second set of droplets stirred up the droplets already in the room (Figure 
19b). As evaporation reduced the mass of the larger droplets, their diameter became smaller, and 
they started getting suspended in the air. Thus, an increasing number of droplets started going 




Figure 19. The sneezing action is initiated to investigate the effect of the evaporative reduction of the 
droplet sizes: (a) The initial sneeze ejects droplets which stratify along the room height; (b) the 
droplets from the second sneeze interact with the droplets already in the room. 
. 
Figure 20. The combined droplets stratify so that larger particles settle near the floor and smaller 
particles rise towards the ceiling. 
 
Figure 21. Evaporative function is switched on and a number of droplets start getting suspended in 
the air again. 





Figure 22. The effect of evaporation on the droplets: (a) evaporation causes an increase in airborne 
droplets; (b) all exhaled droplets can under certain circumstances become airborne through 
evaporation. 
Droplet sizes and positions were recorded for a range of outputs starting from the initial 
configuration in Figure 20 and ending in the configuration in Figure 22b. This is summarised in 
Figure 23, which shows particle sizes along the height of the room. As it can be seen from this figure, 
throughout the process of the evaporation simulation, there are droplets and particles in the 








Figure 23. Particle size distribution during size reduction due to evaporation: (a) start; (b) 20% size 
reduction; (c) 50% size reduction; (d) 70% size reduction. 
Distribution of particle sizes during the same period is shown in Figure 24. This figure shows 
that there is a gradual size reduction throughout the evaporation process and that towards the end 
of that process, all particles are smaller or equal to 150 μm diameter. At that stage, the majority of 
particle sizes are the diameter of 50 μm or smaller, therefore capable of containing the virus that is in 
the size range of 0.12–0.16 μm [4]. 
 
Figure 24. Distribution of particle sizes during evaporation. 
3.5. The Influence of Ultraviolet Radiation 
Starting from the initial configuration in the previous experiment shown in Figure 22a, the 
ultraviolet radiation simulation was switched on. As droplets evaporated and rose towards the 
ceiling, a gradual deactivation of the virus contained in the droplets followed (Figure 25a), as per 
Equation (12). As deactivation is distance- and time-dependent, the deactivation of droplets that were 
further away from the ultraviolet radiation source did not occur (Figure 25b). 





Figure 25. Ultraviolet radiation is switched on and it gradually destroys the smallest droplets that 
come into its range: (a) initial configuration; (b) slow progress of deactivation in still air due to the 
distance- and time-dependent effect of ultraviolet radiation. 
In order to speed up the deactivation, a uniform air velocity was switched on in the direction of 
the radiation source. As they evaporated and rose towards the ceiling, the droplets/particles were 
driven into the range of the ultraviolet radiation source, and were gradually deactivated until a very 
small number was left, as shown in the sequence in Figure 26. 
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Figure 26. Overcoming the range limitation of ultraviolet radiation by driving the droplets with 
uniform air velocity towards the radiation source. 
The analysis of the results of these experiments and the lessons for sustainable design are 
discussed in the next section. 
4. Discussion and Lessons for Sustainable Design 
As shown in Figures 8–10, the droplets suspended in still air reach well beyond the widely used 
recommendation for social distancing of 2 m. This safety distance recommendation therefore does 
not work in buildings where there is a risk of infectious aerosols. Additionally, the smaller and lighter 
droplets are suspended in the air and raise towards the ceiling, and from there they can be carried to 
any part of the room by the air flow, as shown in Figures 12–14. The lesson learnt for sustainable 
design is therefore to use high-quality filtering of air in buildings, such as HEPA filters that eliminate 
99.97% of particles greater than or equal to 0.3 μm [20]. 
As Figures 12–14 show, under random air flow, the droplets linger around the room, especially 
those of smaller diameters near the ceiling, and thus it is challenging to capture them and eliminate 
them. However, under a uniform air flow introduced from one side of the room to another, as shown 
in Figures 16–18 both the smaller droplets at high level and larger droplets near the floor level start 
converging towards one side of the room, from where they can be expelled through high- and low-
level vents. Effectively, the uniform air velocity appears to work analogously to a piston in an internal 
combustion engine, clearing the space in which it operates. The lesson learnt for sustainable design 
is to use a unidirectional low velocity flow of air, combined with high- and low-level exhaust air 
vents. 
As aerosol droplets gradually lose their mass through evaporation, they become lighter and start 
rising towards the ceiling, as in the evaporation experiment in Figures 19–22. As the droplets 
evaporate, they eventually become nuclei that contain the virus which can be 0.12–0.16 μm in 
diameter [4]. Contrary to the understanding that the nuclei fall on the floor [7], they are very likely to 
rise to higher levels of the room, as demonstrated by the model and shown in Figure 22. This is 
consistent with the findings by the consortium of research organisations in Finland, as reported in 
[18]. The evaporation and consequent rising of the droplets towards the ceiling result in a continuous 
presence of the droplets in the breathing zone, as shown in Figure 23, being of sufficient size to 
contain the virus, as shown in Figure 24. 
In such cases where there are droplets and particles in the upper part of the room, ultraviolet 
radiation can be deployed to help with disinfection, as shown in Figure 25. Radiation in the UV-C 
spectrum, in the wavelength range between 100 and 280 nm and especially the wavelength of 265 nm 
commonly available in UV lamps is known to destroy microorganisms by breaking their DNA and 
RNA chains [2]. Thus, the lesson learnt for sustainable design is to make a provision for the 
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installation of UV-C radiation devices at a higher level near the ceiling where other infection 
transmission measures cannot be easily deployed. The virus deactivation can be sped up by 
introducing uniform air flow towards the ultraviolet source, in order to bring the droplets and 
particles containing the virus into the range of the ultraviolet source, as shown in Figure 26. 
This article has introduced a proof of concept model, that requires further calibration in order to 
achieve quantitative results. Hence, no claims are being made in respect to the model’s quantitative 
accuracy. However, the model has provided several qualitative insights into the behaviour of 
aerosols of the sizes capable to carry a virus, and has provided useful lessons for sustainable design. 
However, can the lack of validation of this work diminish its importance? Validation of any 
simulation of a real-world phenomenon requires significant funding, significant amount of data and 
significant amount of time. None of these have been possible due the rapid spread of the COVID-19 
pandemic. 
Could the results of a non-validated model lead to a wrong interpretation of the 
recommendations? Although the simulation results are not validated, they are consistent with other 
simulation studies and with the available literature. Specifically, the results of the current research 
are consistent with the findings by others that the droplets can travel much further than the social 
distancing measure of 2 m [17,18], that they can be suspended in the air over longer periods of time 
[2,10] and that very small particles do not sink on the floor but remain suspended and move in the 
air currents [18]. 
Can this be considered to be a rushed-up approach that makes claims on the basis of a proof of 
concept model? The approach introduced in this article is based on solid background research and 
on physics modelling of the movement of particles of the size equivalent to infectious aerosols. It is 
the best we can get quickly on an ordinary computing platform, a laptop instead of a super-computer, 
in the midst of the COVID-19 pandemic, as the validation would take significant funding and 
considerable time to complete. Although further research is required for making quantitative claims, 
the qualitative claims are consistent with published sources and can be used for informing the 
sustainable design of buildings. 
The main contribution of this study is that it brings the simulation of the movement of infectious 
aerosols in buildings to a wider audience, without requiring specialist software such as ANSYS [17] 
or a consortium of research organisations with access to a super computer [18]. The space size and 
the droplet scale range can be quickly configured, and the model will let the droplets do what they 
must, through self-organised simulation and governed by the laws of physics, thus giving insights 
into emergent behaviour of aerosols and enabling us to find something new that has not been 
explicitly programmed. This work therefore creates an evolving platform for increasing our 
understanding of the issues for the prevention of airborne infection in buildings. 
5. Conclusions 
The recent pandemic caused by the COVID-19 outbreak gave an additional new dimension to 
sustainability in buildings, namely to sustain human health under the threat of airborne disease 
transmission. This article looked into the limitations of conventional computational fluid dynamics 
to model air movement, and introduced an emergent, bottom-up modelling of the dynamics of 
aerosols that can cause disease transmission. 
Using a physics approach to modelling individual droplets generated from exhalation, coughing 
or sneezing, an emergent self-organised model was developed that enabled the investigation of 
several scenarios. These included the distance of travel of particles, suspension of lighter particles in 
the air, investigation of the effects of uniform and turbulent air flow, the effects of the evaporative 
reduction of droplet sizes leading to an increased concentration of airborne particles and the effects 
of ultraviolet radiation on virus neutralisation. 
Although the model introduced in this article is a proof of concept model, and as such could not 
give quantitative results as it requires calibration with data obtained from the monitoring of 
buildings, the qualitative outputs provided new insights into the dynamics of aerosols and the 
interventions that can lead to sustainable design. 
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The results of the current research show that the droplets can travel much further than the social 
distancing measure of 2 m, and are consistent with the findings by others [17,18]. This research also 
concurs with [2,10] that the droplets can be suspended in the air over longer periods of time. The 
finding that very small particles do not sink on the floor but remain suspended and move in the air 
currents, consistent with [18], introduces a new dimension into the planning for the prevention of 
disease transmission in buildings. This study brings the simulation of the movement of infectious 
aerosols in buildings to a wider audience, without the requirement for specialist software [17], 
research and computing facilities [18]. For that reason, it is hoped that this research provides 
additional information that helps plan for the prevention of disease transmission in buildings. 
This research shows that when we let the droplets do what they must, based on physics and self-
organisation through the interaction with the other droplets and the environment, we can learn 
something new that we have not explicitly programmed into the model. It is believed that this 
approach creates an evolving platform for increasing our understanding of the issues for the 
prevention of airborne infection transmission in buildings that can help us improve the sustainable 
design of buildings. 
Funding: This research received no external funding. Generous support was received from the School of 
Creative Arts of the University of Hertfordshire in respect of the development of and experimentation with the 
proof of concept model introduced in this article. 
Acknowledgments: The material in Figure 4 is courtesy of ANSYS Inc. The material in Figure 5 is credited to a 
consortium consisting of Aalto University, Finnish Meteorological Institute, VTT Technical Research Centre of 
Finland and University of Helsinki, and is reproduced with a written permission and in compliance with the CC 
BY license. 
Conflicts of Interest: The author declares no conflict of interest. 
References 
1. World Health Organization. WHO COVID-19 Dashboard. Available online: https://who.sprinklr.com/ 
(accessed on 26 April 2020). 
2. ASHRAE. ASHRAE Position Document on Infectious Aerosols. Available online: 
https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf 
(accessed on 26 April 2020). 
3. Wan, G.-H.; Wu, C.-L.; Chen, Y.-F.; Huang, S.-H.; Wang, Y.-L.; Chen, C.-W. Particle Size Concentration 
Distribution and Influences on Exhaled Breath Particles in Mechanically Ventilated Patients. PLoS ONE 
2014, 9, e87088, doi:10.1371/journal.pone.0087088. 
4. Ward, P. COVID-19/SARS-CoV-2 Pandemic. Available online: https://www.fpm.org.uk/blog/covid-19-
sars-cov-2-pandemic/ (accessed on 11 April 2020). 
5. Liu, F.; Qian, H.; Zheng, X.; Song, J.; Cao, G.; Liu, Z. Evaporation and dispersion of exhaled droplets in 
stratified environment. IOP Conf. Ser. Mater. Sci. Eng. 2019, 609, 042059, doi:10.1088/1757-
899X/609/4/042059. 
6. Tang, J.W.; Nicolle, A.D.; Klettner, C.A.; Pantelic, J.; Wang, L.; Suhaimi, A.B.; Tan, A.Y.L.; Ong, G.W.X.; Su, 
R.; Sekhar, C.; et al. Airflow Dynamics of Human Jets: Sneezing and Breathing-Potential Sources of 
Infectious Aerosols. PLoS ONE 2013, 8, e59970, doi:10.1371/journal.pone.0059970. 
7. Xie, X.; Li, Y.; Chwang, A.T.Y.; Ho, P.L.; Seto, W.H. How far droplets can move in indoor environments-
revisiting the Wells evaporation-falling curve. Indoor. Air. 2007, 17, 211–225, doi:10.1111/j.1600-
0668.2007.00469.x. 
8. Wells, W.F. Airborne Contagion and Air Hygiene: An Ecological Study of Droplet Infections; 
Commonwealth Fund: New York, NY, USA, 1955. 
9. Bourouiba, L. Turbulent Gas Clouds and Respiratory Pathogen Emissions: Potential Implications for 
Reducing Transmission of COVID-19. JAMA 2020, doi:10.1001/jama.2020.4756. 
10. Baron, P. Generation and Behavior of Airborne Particles (Aerosols). Available online: 
https://www.cdc.gov/niosh/topics/aerosols/pdfs/Aerosol_101.pdf (accessed on 26 April 2020). 
11. Xie, X.; Li, Y.; Sun, H.; Liu, L. Exhaled droplets due to talking and coughing. J. Royal Soc. Interface 2009, 6, 
doi:10.1098/rsif.2009.0388.focus. 
Sustainability 2020, 12, 5204 18 of 18 
12. Wells, W.F. ON THE MECHANICS OF DROPLET NUCLEI INFECTION. Am. J. Epidemiol. 1948, 47, 1–10, 
doi:10.1093/oxfordjournals.aje.a119176. 
13. Pantelic, J.; Tham, K.W. Assessment of the mixing air delivery system ability to protect occupants from the 
airborne infectious disease transmission using Wells–Riley approach. HVAC&R Res. 2012, 18, 562–574, 
doi:10.1080/10789669.2012.647230. 
14. Carlson, J.A., Jaffe, A., Wiles, A. (Eds.) The Millennium Prize Problems; American Mathematical Society for the 
Clay Mathematics Institute: Providence, RI, USA; Cambridge, MA, USA, 2006; ISBN 978-0-8218-3679-8. 
15. Jankovic, L. Modelling Computational Fluid Dynamics with Swarm Behaviour. In Proceedings of the 4th 
IBPSA-England Conference on Building Simulation and Optimization, Cambridge, UK, 11–12 September 
2018; IBPSA England, 2018; pp. 112–118. 
16. IES. VE 2019. Available online: https://www.iesve.com/VE2019 (accessed on 18 March 2018). 
17. ANSYS. COVID-19 Simulation Solutions | Ansys. Available online: https://www.ansys.com/about-
ansys/covid-19-simulation-insights (accessed on 26 April 2020). 
18. Vuorinen, V.; Aarnio, M.; Alava, M.; Alopaeus, V.; Atanasova, N.; Auvinen, M.; Balasubramanian, N.; 
Bordbar, H.; Erästö, P.; Grande, R.; et al. Modelling aerosol transport and virus exposure with numerical 
simulations in relation to SARS-CoV-2 transmission by inhalation indoors. Saf. Sci. 2020, 130, 104866, 
doi:10.1016/j.ssci.2020.104866. 
19. Unity Technologies. Unity Game Development Platform. Available online: https://unity3d.com (accessed 
on 3 March 2020). 
20. ASHRAE. 2019 ASHRAE Handbook: Heating, Ventilating, and Air-Conditioning Applications; ASHRAE: 
Atlanta, GA, USA, 2019; ISBN 978-1-947192-13-3. 
21. Walker, C.M.; Ko, G. Effect of Ultraviolet Germicidal Irradiation on Viral Aerosols. Environ. Sci. Technol. 
2007, 41, 5460–5465, doi:10.1021/es070056u. 
22. Littlefield, D., Ed.; Metric Handbook: Planning and Design Data, 4th ed.; Routledge: London, UK; New York, 
NY, USA, 2012; ISBN 978-1-85617-806-8. 
 
© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
